3D Phase-Field Simulations Explain Experimental Observations of Structure Formation in Ice-Templated Materials by Shubitidze, Fridon et al.
Kaihua Ji1, Kaiyang Yin2, Louise L. Strutzenberg3, Rohit Trivedi4, Fridon Shubitidze2, Ulrike G.K. Wegst2, Alain Karma1
1Department of Physics and Center for Interdisciplinary Research on Complex Systems, Northeastern University, Boston, MA, United States
2Thayer School of Engineering, Dartmouth College, Hanover, NH, United States
3Marshall Space Flight Center, Huntsville, AL, United States.
4Department of Material Science and Engineering, Iowa State University, Ames, IA, United States
3D Phase-field Simulations Explain Experimental Observations of  Structure 
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Introduction
ü Freeze casting is a promising processing technique that
provides a means to mimic natural materials with hierarchical
designs over several length-scales with biomedical applications.
ü Directional solidification of ceramic-based suspensions in water.
ü 3D quantitative phase-field simulation with massive parallel
computing at the experimentally relevant time and length scales.
Ø Objective and Approach: Qualitative comparisons between
phase-field simulations and freeze casting experiments to
understand top hierarchical levels in the freeze-cast material.
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a comparably high mineral content. Also, conventional processing 
techniques, such as slip/tape casting combined with hot pressing, 
reaction sintering and chemical vapour infiltration, cannot provide 
the degree of microstructural control down to the nanoscale that 
is needed to manipulate and optimize the mechanical response of 
the material. A possible alternative would be to build a complex 
macroscopic structure through controlled assembly of atomic- or 
nanometre-sized blocks and with controlled precipitation of min-
eral phases (as in natural nacre), but this has yet to be realized. 
Indeed, most bottom-up fabrication techniques are limited to thin 
films or micrometre-sized samples. Largely because of these diffi-
culties in processing, we are still awaiting the successful production 
of biomimetic structural materials in bulk.
Another key issue concerns the fact that mineralized biological 
composites, in particular bone, dentin and nacre23,72, generate frac-
ture resistance primarily by extrinsic toughening mechanisms that 
shield cracks from applied loads. These mechanisms, which are dif-
ferent from those that toughen metals, span so many dimensions that 
they are often difficult to replicate in a synthetic material. Moreover, 
we do not yet completely understand how the diverse structural fea-
tures that act at multiple length scales interact to generate simultane-
ously the desired mechanical properties and biological responses.
Numerous processing techniques have been proposed to pro-
duce nacre-like materials, and several outstanding examples of 
biomimetic organic/inorganic materials have been fabricated using 
layer-by-layer deposition73–76, solution casting77, self-assembly49,78 
and thin-film or tape deposition79. However, these processes have 
often been limited to the making of a few thick (~200 μm) ceramic 
layers that are not yet suitable for structural applications or that can-
not replicate all the nuances of the natural counterpart.
A recent review article of nacre processing techniques con-
cluded that many f the current techniques are not feasible for 
practical materials production80. Still, we believe that freeze-casting, 
hot-press-assisted slip casting, electrophoretic deposition and 
paper-making methods all have potential. Of these, freeze cast-
ing and hot-press-assisted slip casting are probably the best-suited 
techniques to produce bulk material.
The notion of making a nacre-like material — hard composite 
‘bricks’ interspersed with soft ‘mortar’ layers — is simple in prin-
ciple, but extremely difficult in reality. First, there is a need to tai-
lor features to achieve optimal properties. For example, mortar 
strength (or adhesion of the mortar to the brick) must be such that 
it is only fractionally smaller than the strength of the bricks them-
selves; otherwise, the bricks will simply break. Also, the alignment, 
shape and roughness of the bricks must be perfected, and this is 
not easy to accomplish. Hence, successfully produced biomimetic 
nacre requires the design of optimum microstructures and the 
development of fabrication procedures that can implement such 
microstructural designs81. One of the first examples of the develop-
ment of bulk nacre-like composites, reported in 1990, utilized SiC 
ceramic tablets coated with graphite to provide weak glue-like inter-
faces82. A decade later, a combination of extrusion, roll compaction 
and hot-pressing techniques was employed to create nacre-like (and 
bamboo) composites from Si3N4 instead of SiC, an interlayer of BN 
instead of carbon83, and with SiC whiskers added to the Si3N4 matrix, 
and Al2O3 and Si3N4 to the interlayer, so as to improve, respectively, 
strength and adhesion. The resulting fibrous monolithic composites 
displayed a fracture toughness of 24 MPa m½, yet at the expense of 
decreased composite strength.
Freeze casting. A more recent attempt at mimicking nacre in a 
bulk material involved the use of freeze casting (also known as ice 
templating) to provide a new class of bioinspired ceramic materials 
with exceedingly high toughness84,85. This technique is a relatively 
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Figure 5 | Processing of nacre-like structures by freeze casting. a, Freeze casting uses both the directional freezing of, generally, ceramic suspensions and 
the microstructure of ice to template the architecture of scaffolds, and thus can be used to create porous, layered materials84,126,127. b,c, Controlled freezing 
results in the formation of lamellar ice crystals that expel the particles and/or dissolved molecules as they grow. The particles accumulate in the space 
between the crystals, leading to the formation of a lamellar material (exemplified by the freeze-cast lamellar alumina (top) and porous chitosan (bottom) 
micrographs in c) after the ice has been sublimated by freeze drying and the material has been sintered. Particles trapped by the ice crystals form bridges 
between lamellae, and these bridges make a critical contribution to the mechanical properties of the layered material. The relevant microstructural 
dimensions — pore and lamellae widths and wavelengths from one to hundreds of micrometres — can be controlled by adjusting the composition of the 
suspension (solid content and solvent formulation) and the speed at which the ice grows. Figures adapted with permission from: a, ref. 126, 2010 The 
Royal Society; b, ref. 127, © 2006 Acta Materialia Inc.
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the degree of microstructural control down to the nanoscale that 
is needed to manipulate and optimize the mechanical response of 
the material. A possible alternative would be to build a complex 
macroscopic structure through controlled assembly of atomic- or 
nanometre-sized blocks and with controlled precipitation of min-
eral phases (as in natural nacre), but this has yet to be realized. 
Indeed, most bottom-up fabrication techniques are limited to thin 
films or micrometre-sized samples. Largely because of these diffi-
culties in processing, we are still awaiting the successful production 
of biomimetic structural materials in bulk.
Another key issue concerns the fact that mine alized biolog cal 
composites, in particular bone, dentin and nacre23,72, generate frac-
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duce nacre-like materials, and several outstanding examples of 
biomimetic organic/inorganic materials have been fabricated using 
layer-by-layer deposition73–76, solution casting77, self-assembly49,78 
and thin-film or tape deposition79. However, these processes have 
often been limited to the making of a few thick (~200 μm) ceramic 
layers that are not yet suitable for structural applications or that can-
not replicate all the nuances of the natural counterpart.
A recent review article of nacre processing techniques con-
cluded that many of the current techniques are not feasible for 
practical materials production80. Still, we believe that freeze-casting, 
hot-press-assisted slip casting, electrophoretic deposition and 
paper-making methods all have potential. Of these, freeze cast-
ing and hot-press-assisted slip casting are probably the best-suited 
techniques to produce bulk material.
The notion of making a nacre-like material — hard composite 
‘bricks’ interspersed with soft ‘mortar’ layers — is simple in prin-
ciple, but extremely difficult in reality. First, there is a need to tai-
lor features to achieve optimal properties. For example, mortar 
strength (or adhesion of the mortar to the brick) must be such that 
it is only fractionally smaller than the strength of the bricks them-
selves; otherwise, the bricks will simply break. Also, the alignment, 
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and hot-pressing techniques was employed to create nacre-like (and 
bamboo) co posites from Si3N4 instead of SiC, an interlayer of BN 
instead of carbon83, and with SiC whiskers added to the Si3N4 matrix, 
and Al2O3 and Si3N4 to the interlayer, so as to improve, respectively, 
strength and adhesion. The resulting fibrous monolithic composites 
displayed a fracture toughness of 24 MPa m½, yet at the expense of 
decreased composite strength.
Freeze casting. A more recent attempt at mimicking nacre in a 
bulk material involved the use of freeze casting (also known as ice 
templating) to provide a new class of bioinspired ceramic materials 
with exceedingly high toughness84,85. This technique is a relatively 
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Figure 5 | Processing of nacre-like structures by freeze casting. a, Freeze casting uses both the directional freezing of, generally, ceramic suspensions and 
the microstructure of ice to template the architecture of scaffolds, and thus can be used to create porous, layered materials84,126,127. b,c, Controlled freezing 
results in the formation of lamellar ice crystals that expel the particles and/or dissolved molecules as they grow. The particles accumulate in the space 
between the crystals, leading to the formation of a lamellar material (exemplified by the freeze-cast lamellar alumina (top) and porous chitosan (bottom) 
micrographs in c) after the ice has been sublimated by freeze drying and the material has been sintered. Particles trapped by the ice crystals form bridges 
between lamellae, and these bridges make a critical contribution to the mechanical properties of the layered material. The relevant microstructural 
dimensions — pore and lamellae widths and wavelengths from one to hundreds of micrometres — can be controlled by adjusting the composition of the 
suspension (solid content and solvent formulation) and the speed at which the ice grows. Figures adapted with permission from: a, ref. 126, 2010 The 
Royal Society; b, ref. 127, © 2006 Acta Materialia Inc.
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Alumina Chitosan
• A novel phase-field model for binary alloys with zero partitioning
and arbitrary phase diagram
Phase-field model
3524 Phys. Chem. Chem. Phys., 2011, 13, 3514–3526 This journal is c the Owner Societies 2011
experimentally access a minimal DH2O-value of 10
!24 m2 s!1,
the lowest value ever determined to our knowl dge and, for the
first time, DH2O values are provided for mixtures deep in the
glassy state. A temperature and concentration dependent
parameterization of DH2O is presented which relies on experi-
mental data over a large part of the sucrose state diagram, thus
reducing the range of delicate extrapolation to lower temperature
and/or higher concentrations. The new parameterization
might aid in optimizing spray-drying and freeze-drying
technology and allows calculating the growth of ice particles,
which might help to avoid mechanical rupture of cell-
membranes in cryo-storage. Moreover, it can be applied to
simulate the water uptake of atmospheric aerosols, with possible
implications on ice nucleation and heterogeneous chemistry. In
conclusion, these ultra-low DH2O in aqueous glasses may
stimulate applications in various fields and more detailed studies
of this incompletely understood state of matter.
Appendix A: sucrose state diagram
Fig. A1 shows the state diagram of sucrose. The black lines
represent the ice melting point curve, Tm, the homogeneous ice
nucleation curve, Thom, the glass transition curve, Tg and
sucrose solidus curve, Tsol. The dashed parts of the curves
are extrapolated. Tm was extrapolated such that it approaches
the experimentally determined value of Tg
0 = 227 K (black
star). The data for Thom, Tm, Tg and Tsol are taken from the
literature.12,57–61 The stable liquid area marks the region where
the aqueous sucrose solution is the stable phase. In the
metastable liquid area water and/or sucrose are supersaturated.
Below the Tg-curve, aqueous sucrose mixtures are glassy. The
reddish-shaded area is not accessible by experiments due to
immediate ice nucleation and, hence, termed ‘‘no man’s
land’’.62 We confined this area by the Thom and a Tg + 20 K
lines, o that it matches the measured boundary for pure w ter
by Smith and Kay.24
The data shown in this figure are transformed with eqn (5)
and (10)–(13) yielding the black lines and the reddish-shaded
area shown in Fig. 6.
Appendix B: competition between gas-phase and
liquid-phase diﬀusion
We assume that the outermost shell of the liquid-phase
diﬀusion model is always in equilibrium with the gas phase
(see section 3.1). This assumption is only fulfilled as long as the
water flow to the particle is not limited by gas-phase diﬀusion.
In order to take the gas-phase diﬀusion into account, the flux
fns+12 of the outermost shell ns is equal to the vaporization
flux to the gas phase, and thus can be calculated using the
gas-phase diﬀusion equation63
f
nsþ12
¼ 4prDg ðaw ! RHÞp
w
0
kT
ðB1Þ
r is the radius of the particle, k is the Boltzmann constant and
Dg is the gas-phase diﬀusion coeﬃcient of water molecules. aw
is the water activity and calculat d by eqn (10). RH is the gas
phase relative humidity. p w0 is the vapour pressure over pure
water which is calculated using th following relationship:
p w0 ¼
p ice
aicew
: ðB2Þ
p ice in hPa is approximated as:
p ice ¼ 5:751856& 1010
& exp !20:94703 Tm
T
! "
! 3:56654& ln Tm
T
! "#
!2:018890949&
Tm
! "$
;
ðB3Þ
where Tm is the ice melting temperature and T and Tm are
given in Kelvin. p ice is parameterized using the data from
Handbo k of Chemistry and Physics,64 icew is obtained following
Koop et al.65
aicew ¼ exp
& !!210368! 131:438T þ 3:32373& 10
6=T þ 41729:1& lnðTÞ
RT
! "
ðB4Þ
Fig. B1 shows that in our experiments diﬀusion to the particle
is not limited by gas-phase diﬀusion, since the gas-phase
diﬀusion is always at least a factor of three larger than
liquid-phase diﬀusion.
Appendix C: modelling of ice crystal growth due to
Ostwald ripening
We have used the theory of Lifshitz, Slyozov, and Wagner
(LSW) for estimating ice crystal growth rates due to Ostwald
Fig. A1 State diagram of sucrose. Thom, Tm, Tg and Tsol are the
homogeneous ice nucleation, the ice melting, the glass transition and
the sucrose solidus curves, respectively. The data of Tm are from
Ablett et al.,57 Lerici et al.,58 and Seo et al.59 Thom is from Miyata and
Kanno,60 Tsol is from Peres and Macedo.
61 Tg and Tg
0 are taken from
Zobrist et al.12 The blue points are the DH2O literature
data.11,22,24,29,30,66,67 The red lines are from this study.
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Aim 1: On Earth, experimentally determine in preparation of flight experiments the 
fundamental materials science of freeze casting with water and TBA-water. 
Aim 2: In Space, with PFMI-based experiments explore the fundamental aterials science of 
freeze casting using TBA-water as the model system.  
Aim 3: Develop predictive models to identify the most promising material processing 
combinations and conditions to optimize material performance.  
Aim 4: Translate the results of Aims 1-3 into structure-property-processing correlations for 
highly porous, freeze-cast materials (polymer, ceramic, metal and composite) made on Earth.  
We will provide raw and analyzed data, and computational models to the NASA Physical 
Sciences Informatics to make the data accessible to the global community, in support of the 
Materials Genome Initiative and to help translate research into application for an accelerated 
pace of advanced-materials discovery, innovation, manufacture, and commercialization. 
1.3 The Knowledge Gap  Open Fundamental Science Questions 
The freeze-casting process (Figures 1 and 2) is one with which bulk materials and entire 
components of several tens of cm3 in size can be manufactured with ease.  The process is based 
on the directional solidification of solvent-based solutions or slurries (suspensions), in which the 
solvent most frequently is water [5-9], but can also be TBA [1-4], camphene [1, 10, 11], 
naphthalene [12], cyclohexane [1], dioxan  [13], and terpene [14, 15]. Because of the similarity 
in the resulting highly-aligned pore structure and the compatibility of the TBA-system with the 
PFMI stage, we will focus in the proposed research on materials prepared using water and TBA-
water as the solvent.  
To freeze-cast a scaffold  we will use the term freeze casting, freezing etc. for ease in 
terminology also for the TBA-water system in the following  a polymer solution, or ceramic or 
metal slurry (the latter two containing a polymer binder), is poured into a mold and then 
directionally solidified (Figure 1). During freezing, the solvent solidifies in the form of pure ice 
(in the case of water) or solvent crystals (in the case of TBA-water), concentrating between them 
the polymer that was dissolved and the particles that were suspended in the liquid carrier (Figure 
2, left).  Once frozen, the sample is freeze-dried (lyophilized) to sublime the ice-phase and reveal 
the material scaffold.  Its architecture is the negative of the ice crystals which templated it 
(Figure 2, right).  The cell wall materials structure is the result of a self-assembly process [16].  
In the case of polymers, freeze-drying avoids partial or total dissolution and collapse upon 
melting; in the case of ceramics and metals it avoids drying stresses due to capillary forces and 
shrinkage that may lead to cracks and warping when dried at ambient conditions [8, 17]. 
A critical review of the literature on freeze-casting published, to date, revealed that 
  
Figure 1. Schematic of a typical freeze-
casting system indicating the direction 
of solidification. 
Figure 2. Directional freezing (left) and freeze-drying creates porous 
materials (right).  Microstructural dimensions (pore, p, cell wall  
width, d, and wavelength, λ (1 μm and up) can be controlled. 
1D Phase-field simulation
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• Surface tension anisotropy function for pure ice growth in phase-field model
Cusp in c-axis Spherical harmonics with hexagonal symmetry 
• Mobility anisotropy function in relaxation time
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3D Phase-field simulation Microgravity experiment
• Features of freeze-cast templated structures captured by both experiment and 3D phase-field
simulation. The salient features include the formation of lamellae (1), undulated ridges (2) and
wrinkled cell wall (3).
• Freeze-cast material: ice has been sublimated by freeze drying and the material has been sintered.
F ze casting
3D Phase-field simulationExperiment (Chitosan)
IceIce templated scaffold
ü 3D phase-field simulations of directional solidification of water with a dilute impurity
Ø Reproduce for the first time salient features of freeze-cast templated structures including the
formation of lamellae and undulated ridges.
• Among various parameters during freeze casting: Crucial role of the anisotropy of both the solid-liquid
interface free-energy and the interface kinetics in structure formation; Secondary role of potentially
important physical effects such as fluid flow generated by expansion of ice.
• Outlook: Move from qualitative to quantitative studies to understand the microstructure formation of the
resulting freeze-cast material; Understand the growth of pure ice by comparing phase-field simulations
to microgravity experiments.
Conclusion & Outlook
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